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Abstract The aim of this study was to evaluate and
compare the morphological changes that occur in dentine
after femtosecond laser irradiation and after mechanical
treatment. The duration of the laser pulse is an important
parameter, because within the time frame of the pulse heat
diffusion plays a very important role in the mechanism of
interaction between the light and the tissue. Six totally
impacted human third molars were sectioned into sheets
approximately 1 mm thick with an Accutom-50 precision
cutting machine. The samples were randomly divided into
two groups according to their cavity preparation: mechan-
ical cavity preparation and laser cavity preparation. The
samples were then examined by light microscopy and
scanning electron microscopy. There were clear differences
in the results obtained with the two techniques. Cavities
prepared with the laser with pulses of <1 ps showed no
microcracks, and the treated surface displayed a rough and
irregular aspect with no smear layer and exhibited open
dentinal tubules. On the contrary, cavities made with a
rotatory instrument had a smooth surface and microcracks,
a broad area of carbonization and merging, occluded
dentinal tubules and a smear layer. This study showed that
human dentine can be successfully ablated with the
ultrashort pulse laser.
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Introduction
Rotary instruments have been used for cavity preparation
and caries removal since the beginning of operative
dentistry. Cavity extension is no longer used for prevention
with the advances in new materials and techniques that
allow minimally invasive dentistry. Lasers have become a
valuable tool in several scientific fields, and in dentistry
they are currently used to eliminate caries, in the treatment
of dentine and enamel, to bleach the teeth, to sterilize root
canals, and in soft-tissue surgery [1].
The characteristics of the titanium:sapphire laser (fem-
tosecond laser) were first discussed by Moulton in 1986 [2].
Femtosecond lasers have also been used recently in
dentistry on hard dental tissues [3, 4]. In recent years, the
production of high-intensity laser sources has been an
important line in the development of this technology, in
particular high-intensity sources that produce extremely
short pulses, below the picosecond range (10−12 s). These
laser pulses, amplified to energies of the order of millijoules
and, when focused correctly, allow the ablation of surfaces
with extreme precision and reproducibility, and as a result
they cause much less collateral damage in the adjacent
material than any other thermal, chemical or mechanical
process [5].
Laser pulse duration is an important parameter because
within the time frame of the pulse heat diffusion plays a
very important role in the mechanism of interaction
M. Portillo Muñoz :M. C. Lorenzo Luengo :
J. M. Sánchez Llorente (*) :M. Peix Sánchez :A. Albaladejo
Dental Clinic, Faculty of Medicine, University of Salamanca,




Departamento de Ingeniería Mecánica, Faculty of Physics,
University of Salamanca,
Salamanca, Spain
A. García : P. Moreno Pedraz
Grupo de Investigación en Láseres Intensos, Faculty of Physics,
University of Salamanca,
Salamanca, Spain
Lasers Med Sci (2012) 27:53–58
DOI 10.1007/s10103-010-0845-2
between the light and the tissue [6]. Shortening the pulses
minimizes heating effects and allows the introduction of
new mechanisms such as plasma-mediated ablation, which
differs from the thermal ablation employed by conventional
lasers in the almost total absence of thermal effects, which
results in a significant increase in precision and quality of
machining [7–12]. The mechanism basically consists of the
ionization, by nonlinear processes, of atoms or molecules
on the surface of the irradiated material, which form a
dense plasma that expands upon completion of the pulse
(duration in the order of 100 fs) with no time for heat
diffusion to occur in the solid material (which requires
pulses in the order of tens of picoseconds), resulting in the
removal of material with very little heating [5].
Generally, when longer pulses are used more undesirable
thermal effects appear since thermal energy accumulates
and penetrates sufficiently deeply into the tissue to induce
thermomechanical damage and, as a result, irreversible
damage to the dental pulp tissue, which is particularly
sensitive to such thermal effects. Moreover, in hard dental
tissues microfractures or “cracks” are formed as a conse-
quence of the increase in temperature. Shorter pulses reduce
heat and at the same time diminish the effect of ablation;
thus, shorter pulses can reduce heat and structural damage
to tissues [13].
The aim of this study was to evaluate and compare the
morphological changes that occur in dentine after femto-




Six totally impacted human third molars, extracted over a
period of 1 week, were collected at the Oral and
Maxillofacial Surgery Unit of the Virgen de la Vega
Hospital in Salamanca. The teeth were stored in an oven
at 37°C for no longer than 1 month in physiological saline
solution to prevent them from drying out. Subsequently,
they were cut transversely into two parts: crown and root.
Each crown was sectioned longitudinally in a vestibulolin-
gual direction into sheets approximately 1 mm thick, using
an Accutom-50 (Denmark, Copenhagen) precision cutting
machine and Struers 330 K diamond grinding disks with
abundant water as coolant. Approximately 9–11 sheets
were obtained from each specimen. After discarding the
sheets containing only enamel, 58 sheets were obtained.
These samples were ground with sandpaper of 300, 400 and
600 grit in a polishing machine. Following this, the samples
were kept in an oven at 37°C (for a maximum period of
1 month) in physiological saline solution to prevent them
from drying out until the microscopy study. They were then
randomly divided into two groups according to the cavity
preparation method: mechanical cavity preparation (n=29)
and laser cavity preparation (n=29). Each laser sample was
treated using all investigated parameters (Table 1).
Mechanical cavity preparation
A Kavo handpiece was used to make 550–600 μm perfo-
rations in the dentine samples at a speed of 450,000 rpm with
a 0.5-mm round tungsten bur (H1.314.005; Komet, Lemgo,
Germany) with water as coolant.
Laser cavity preparation
The study was performed at the Laser Service of the
University of Salamanca with a system based on a
titanium:sapphire oscillator (Tsunami; Spectra-Physics,
Mountain View, CA), which produces pulses of 100 fs,
wavelengths in the near infrared region (795 nm), and
energies of the order of 10 nJ, with a repetition rate of
80 MHz. Even focusing with microscope objectives,
these low-energy pulses are unable to ablate the surface
of materials. In order to provide sufficient energy the
pulses must be amplified with a “regenerative” system
(Spitfire; Spectra-Physics) which is based on the chirped
pulse amplification technique developed in the 1980s by
Mourou and Strickland [14].
The samples were fixed in a precision X-Y-Z translator
stage under computer control (Micos ES100; Nanotec,
Munich, Germany). Horizontal XY movements allowed the
area that we wished to structure to be swept, while the Z
movement allowed pulses to be focused exactly on the
Table 1 Schematic representation of the parameters used
Row Parameter Column
1 2 3 4
A Pulse energy (mJ) 0.05 0.05 0.05 0.05
Speed (mm/s) 0.1 0.1 0.05 0.05
Steps (mm) 0.02 0.01 0.01 0.02
B Pulse energy (mJ) 0.03 0.03 0.03 0.03
Speed (mm/s) 0.1 0.1 0.05 0.05
Steps (mm) 0.02 0.01 0.01 0.02
C Pulse energy (mJ) 0.01 0.01 0.01 0.01
Speed (mm/s) 0.1 0.1 0.05 0.05
Steps (mm) 0.02 0.01 0.01 0.02
D Pulse energy (mJ) 0.007 0.007 0.007 0.007
Speed (mm/s) 0.1 0.1 0.05 0.05
Steps (mm) 0.02 0.01 0.01 0.02
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sample surface. The cavities were made in the dentine near
the dentinoenamel junction. In order to obtain micro-
structures with a rectangular geometry, the samples were
swept in parallel lines at different speeds (v), pulse energies
(E) and steps (s). The step is the movement of the laser
beam between two shots. The different energies used in this
study were as follows: 0.05 mJ (row A), 0.03 mJ (row B),
0.01 mJ (row C) and 0.007 mJ (row D) (Table 1). The
cavities in columns 1 and 2 were obtained at a speed of
0.1 mm/s, and in columns 3 and 4 they were obtained at a
speed of 0.05 mm/s (Table 1). The steps were 0.02 mm for
columns 1 and 4 and 0.01 mm for columns 2 and 3
(Table 1). No external water cooling system was used.
Analysis of samples
Light microscopy
All samples were examined under an Axio picture M1 (Carl
Zeiss, Germany) light microscope. We used Epiplan ×20
and ×50 HD objectives (Carl Zeiss Vision), attached to a
1,300×1,030-pixel digital camera (Axiocam HR; Carl Zeiss
Vision). The images obtained were processed with Axiovi-
sion software. This software measured the depth and
diameter of the cavities made.
Electron microscopy
For viewing of samples under the scanning electron
microscope (SEM), they were set up on aluminium disks
and coated with a layer of gold using a SEM coating system
from Bio-Rad. Images of the samples were obtained using a
secondary electron detector in a DSM 940 Zeiss electron
microscope at the Electron Microscopy Service of the
University of Salamanca. Samples were viewed perpendic-
ularly and multiple images were obtained at different
magnifications of the most representative areas of each
sample for subsequent assessment. These images were
scanned directly onto a Hewlett-Packard XW 8000 work-
station to allow comparison between samples. All images
were saved in TIF format.
Results
The effects of the two cavity preparation techniques
(mechanical preparation and laser preparation using the
femtosecond laser at 795 nm) on dentine were studied.
First, we describe the results obtained for the laser cavity
preparations and then we address those obtained with the
mechanical system.
In brief, microscopic evaluation of the laser-prepared
cavities showed that the depth of the craters appeared to
increase with increasing energy and vice versa. There was
no difference in the morphology of the cavities obtained
with the same energies and steps when the sweep speed was
varied. The larger step (0.02 mm) removed less dentine,
since there were areas that were not affected by the
radiation, presenting an intact dentine, and even dentine
tubules were seen. However, with the 0.01 mm step, all the
superficial dentine was removed without leaving areas of
intact dentine.
Figure 1 shows a cavity obtained with the femtolaser
with E = 0.007 mJ, v = 0.05 mm/s and s = 0.02 mm. The
cavity was a square of approximately 210 µm. Morpholog-
ical analysis revealed a well-defined cavity surface, and
intact dentine was present inside the cavity corresponding
to the nonradiated dentine resulting from an increase in
step. Additionally, the zone adjacent to the cavity had
numerous open dentinal tubules with no smear layer. No
signs of collateral damage such as carbonization, charring
or cracks were observed.
When speed was increased and the step was decreased
(E = 0.007 mJ, v = 0.1 mm/s and s = 0.01 mm), the cavity
(Fig. 2) was a square of approximately 200 µm and showed
no thermal effects. However, no irradiated dentine was
observed inside the cavity. The bottom of the cavity showed
a characteristic pattern of replacement of ejected material;
this pattern was related to the direction of the laser beam.
The results obtained upon increasing the energy per
pulse (E = 0.03 mJ, v = 0.05 mm/s, and s = 0.02 mm) are
shown in Fig. 3. The cavity was a square of approximately
205 µm. The limits of the cavity were well defined and the
cavity showed no cracks as a result of heat damage.
Dentinal tubules remained open with no smear layer.
Although the step was 0.02 mm, no intact dentine was
observed inside the microcavity; this was because of the
increase in laser energy which caused a more pronounced
Fig. 1 SEM micrograph of a cavity in dentine prepared with the
femtolaser at E = 0.007 mJ, v = 0.05 mm/s and s = 0.02 mm (original
magnification ×374)
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ablation of the dentine, and this in turn was responsible for
the characteristic shape with higher areas alternating with
deeper depressions.
In order to analyse the impact of step size on the
morphology of the cavity, we compared the results obtained
with s = 0.02 mm (Fig. 3) with those obtained with
s = 0.01 mm (Fig. 4), keeping the other two parameters
constant. Thus, as shown in Fig. 4 in a cavity made with the
femtolaser at E = 0.03 mJ, v = 0.1 mm/s and s = 0.01 of
approximately 220 µm square, the smaller step was
associated with a greater degree of dentine ablation.
It is remarkable that the surface did not show cracks or
signs of heat damage; however, the dentinal tubules were
more occluded, probably as a result of the increased energy
and the smaller step, but in this cavity the tubules were not
as sealed as in cavities obtained with the rotary instrument.
In addition, an area of sedimentation of material was seen
both at the bottom and the top of the cavity; this could
correspond to the ablated dentine deposited at the bottom.
Figure 5 shows a cavity made with the rotatory
instrument at a speed of 450,000 rpm under abundant
water cooling. Circular cavities with a diameter between
560 and 600 µm were made. The cavity shown in Fig. 5 has
a smooth floor and walls and three cracks radiating
outwards from the cavity, produced during cooling follow-
ing the temperature increase caused by contact of the bur
with the surface. The micrograph also reveals a broad area
of carbonization and merging; in this case the dentinal
tubules were occluded due to the evident presence of a
smear layer.
Fig. 5 SEM micrograph of a cavity in dentine prepared with the
tungsten bur at a speed of 450.000 rpm under abundant water cooling
(original magnification ×100)
Fig. 4 SEM micrograph of a cavity in dentine prepared with the
femtolaser at E = 0.03 mJ, v = 0.1 mm/s and s = 0.01 mm (original
magnification ×374)
Fig. 3 SEM micrograph of a cavity in dentine prepared with the
femtolaser at E = 0.03 mJ, v = 0.05 mm/s and s = 0.02 mm (original
magnification ×374)
Fig. 2 SEM micrograph of a cavity in dentine prepared with the
femtolaser at E = 0.007 mJ, v = 0.1 mm/s and s = 0.01 mm (original
magnification ×374)
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Discussion
In this study, a femtolaser was used for the ablation of human
dentine. The laser parameters used were as follows: pulse
energies 0.05, 0.03, 0.007 and 0.01 mJ; speeds 0.1 and
0.05 mm/s; and steps 0.02 and 0.01 mm. Increasing or
decreasing the speed did not influence either the morphology
of the cavity or the effects of the laser on it; however, changing
the step affected the morphological aspect of the cavity. Thus,
by reducing the step from 0.02 to 0.01 mm a greater degree of
dentine ablation was obtained and vice versa. This is logical
because the number of times that the laser radiated the surface
was doubled. In addition, when the energy was increased the
volume of dentine removed also increased, but the morphol-
ogy of the adjacent dentine was modified and a greater sealing
of dentine tubules was observed. The dimensions of the
cavities were not affected by these parameters, remaining at
approximately at 200 µm [13].
In all cases, dentine ablation was accompanied by minimal
morphological changes in comparison with mechanical
treatment. The limited number of studies that currently exist
about hard dental tissue ablation with ultrashort lasers, similar
to the laser used in our study, suggest that human dentine can
be successfully ablated with these devices; furthermore,
application of subpicosecond pulses almost completely
prevents thermal damage and microcracking in neighbouring
tissue, as observed here [3, 5, 13, 15, 16]. Moreover, studies
on the application of these lasers in other tissues such as
bone confirm that the temperature increases generated are
low and result in only minor thermal and mechanical
damage to the tissue [17–19].
The results of the present study suggest that to improve
the quality of tooth treatment the application of ultrashort
pulse lasers can offer an alternative to the classical
mechanical technique.
It is well known that cutter remains are generated when
mechanical instruments are used to prepare cavities, some
of which inevitably become compacted to form a layer on
the cutting surface (known as the smear layer). This
material is made up of loosened particles of enamel,
dentine and cement with a particle size between 1 and
50 μm, and the smaller particles can enter the lumen of the
dentinal tubules and partially occlude them.
As in previous studies, our results obtained with the
SEM suggest that the surface of cavities made with
mechanical instruments is smooth, and the presence of a
smear layer and occluded dentinal tubules are characteristic.
Therefore, these cavities must subsequently be upgraded to
provide anchorage for the restorative materials [20]. The
superiority of femtosecond lasers for the precise machining
of different materials has been demonstrated [5, 7, 21],
attributing this to the fact that lasers produce minimum
thermal and mechanical damage to the surface. This
attribute makes the laser a good candidate for use in hard
dental tissues since the absence of microcracks obtained
with ultrashort pulses is of great importance in dentistry
because such cracks may be a source of new caries. In
addition, an intact interface acting as a barrier to the
microleakage of bacteria and oral fluids is important in
preventing dental pathology and pain [4, 16, 22].
The friction produced by rotatory instruments generates
high temperatures that cause irreversible damage to the
tooth. The tooth surface shows signs of thermal and
mechanical damage (cracks), and this technique leads to
the formation of a smear layer. In contrast, the femtosecond
(titanium:sapphire) laser causes minimal structural change
to the irradiated dentine. The surfaces showed a complete
absence of thermal and mechanical damage such as cracks,
craters and charring. The treated surface had a rough and
irregular aspect without a smear layer or cracks, and with
open dentinal tubules, which would contribute to a greater
strength of the restorative materials. These benefits have
been also described by several other authors [3, 15, 16].
The size and shape of burs do not allow complex shapes to
be obtained or minimally invasive treatment [19]. A recent
study has concluded that the use of lasers in cavity
preparation involves a smaller loss of healthy dentine [23].
This is because the laser probably avoids the vibrations of
mechanical instruments that reduce the precision of cutting
and alter the morphology of the cavity. Lasers allow cavities
ten times smaller than the smallest bur to be made [17, 18]
and afford greater control over the removal of material.
Preparations made with mechanical instruments require
simultaneous use of water as coolant to prevent damage to
the pulp caused by high temperatures generated inside the
cavity. This water coolant often reduces the visibility of the
operative field. As seen here, by using ultrashort pulse
lasers the need for irrigation is eliminated because the
process of heating occurs over a shorter period than the
normal time taken by the materials to transmit the heat (of
the order of tens to hundreds of picoseconds). Additionally,
the use of laser technology in operative dentistry reduces
patient stress since there is no noise or need for anaesthesia
for cavity completion.
A critical point for the application of femtolasers in practice
is the time needed to treat a patient. Another drawback is that
these lasers have not been currently marketed for use in
dentistry and are still fairly expensive devices.
This study was an initial project aimed at determining the
mechanical properties of laser-treated dentine when femto-
second pulses were used. Further studies will focus on the
bonding of dental materials to laser-irradiated dentine.
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